Multiwalled carbon nanotubes (MWNTs) bonded with an amino-moiety-containing nonlinear optical (NLO) polymer, poly{[3-octylthiophene-2,5-diyl]-[p-aminobenzylidenequinomethane]} (POTABQ), were synthesized via amidiation reaction and were characterized using transmission electron microscope (TEM), Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) spectroscopy, ultraviolet-visible absorption spectroscopy (UV-vis), and fluorescence (FL) spectroscopy. The micrograph of POTABQ-MWNTs showed a ''bead-shaped structure'', which indicated that the polymer was attached to the tubes by chemical linkage rather than as a homogenous coating. POTABQ-MWNTs showed fluorescence quenching, which is involved in the intramolecular photoinduced charge transfer process. A broad absorption band appeared at over 800 nm, indicating the ground-state interaction between POTABQ and MWNTs. Third-order NLO properties were studied by nanosecond degenerate four-wave mixing (DFWM) techniques. The resulting POTABQ-MWNTs exhibited large third-order NLO responses mainly due to the formation of an intramolecular photoinduced charge transfer system of polymers and carbon nanotubes.
Introduction
Nonlinear optical materials are required for the construction of photonic devices that will be able to control the amplitude gain or extinction, phase, polarization, and reflection or refraction of optical beams for a wide range of important applications. The lack of appropriate nonlinear materials has been a significant barrier in the development of such photonic devices. To this end, organic materials such as porphyrins, [1] [2] [3] dyes, 4) and phthalocyanines 3) have been studied for nonlinear optical applications.
In recent years, carbon nanotubes have been investigated for many potential applications. 5, 6) Their unique one-dimensional -electron conjugation, mechanical strength, and high thermal and chemical stability, makes them very attractive for use in many applications. Theoretically, the extended SuSchrieff-Heeger (SSH) model with the Coulomb interaction taken into account has been used by Xie and Jiang estimated [7] [8] [9] to study the optical nonlinearity of singlewalled carbon nanotubes (SWNTs). They found the magnitudes of the second-order hyperpolarizabilities to be 10 À29 esu. Marguulis and Sizikova 10) and Wan et al. 11) have also theoretically predicated to be larger than 10 À29 esu for SWNTs. To date, only a few experiments on the third-order optical nonlinearity have been carried out because of the poor solubility of carbon nanotubes. [12] [13] [14] [15] [16] [17] Multiwalled carbon nanotubes (MWNTs) were dispersed ultrasonically in a solution of polypyrrole/m-cresol and the third-order susceptibilities ð3Þ of the resulting dispersion of MWNTs/ polypyrrole-m-cresol were measured by Liu et al. 12) using degenerate four-wave mixing (DFWM) techniques. Wang et al. 13) reported a femtosecond time-resolved third-order NLO investigation of the dispersion of shortened SWNTs in N,N-dimethyylformamide (DMF). The average magnitude of for each SWNT was estimated to be 2:1 Â 10 À28 esu. It should be noted that the above investigations were performed using carbon nanotubes dispersed in organic solvents, due to their poor solubility, and such dispersions were unstable at high concentrations. Hence it is highly desirable to obtain stable carbon-nanotube-containing solutions.
Polymers are attractive materials since they can be easily processed and fabricated into solid-state forms, such as thin films, that are often required in many applications. Both polymer-coated MWNTs, such as polyethyleneglycol (PEG)-, poly(2-vinylpyridine) (P2VP)-, poly(4-vinylpyridine) (P4VP)-or poly(4-vinylphenol) (PVPh)-coated MWNTs, and polymer-bonded MWNTs, such as PEObonded MWNTs, were synthesized and their third-order NLO properties were measured by Jin et al. 14) However, they employed linear polymers that exhibited no meaningful NLO responses themselves.
The recent discovery of photoinduced electron transfer from -conjugated polymers to fullerenes, which can be applied to form photoinduced charge-transfer systems, has generated considerable interest because its implications in both pure and applied areas of research. [18] [19] [20] [21] Ultrafast spectroscopic studies reveal that the initial charge transfer occurs within the first 300 fs following excitation of the polymer and that the system quickly relaxes to a metastable state with the electron on the fullerene and a positive charge on the polymer. Because of the nearly instantaneous response of the system to illumination and because of the tunability of the decay dynamics according to fullerene concentration, conjugated polymer/fullerene blends are promising candidates for nonlinear optical applications. 22) Tang and Xu 23) reported the preparation and NLO properties of poly(pheylacetylene) (PPA)-wrapped carbon nanotubes. The photoinduced charge transfer process was characterized by fluorescence quenching. The resulting NT/ PPA solutions exhibited strong optical limiting properties at 532 nm arising from the NLO absorption of carbon nanotubes and PPA and scattering of carbon nanotubes. O'Flaherty et al. 24) used poly(metavinylene-co-2,5-dioctyloxy-para-phenylene-vinylene) (PmPV) as a matrix in which to disperse MWNTs and found the NLO absorption coefficients to be enhanced at high MWNTs concentrations, probably due to tube-tube interaction and the occurrence of charge delocalization. However, since the third-order NLO susceptibility ð3Þ of PPA and PmPV was below 10 À10 esu, ð3Þ of the resulting PPA/MWNTs and PmPV/MWNTs composites was not large enough to be used in NLO applications.
According to theoretical and experimental studies, polyheteroarylene methines exhibited an extremely narrow band gap (E g ¼ 0:7 eV) [25] [26] [27] and large third-order NLO responses ( ð3Þ ¼ 10 À9 {10 À7 esu). 28, 29) In our previous study, a series of more than 10 poly(heteroarylene methine) derivatives were synthesized 30) and the third-order NLO properties were studied by using z-scan, 30 ) DFWM, 31) and time-resolved optical Kerr effect techniques. 31) In this study, we report the functionalization and solubilization of MWNTs realized by attaching a polyheteroarylene methines with amino moieties, poly{[3-octylthiophene-2,5-diyl]-[p-aminobenzylidenequinomethane]} (POTABQ), to the tubes. Thirdorder NLO nonlinearities of POTABQ-bonded MWNTs (POTABQ-MWNTs) are studied by using DFWM techniques. POTABQ-MWNTs exhibited large NLO responses mainly due to the formation of an intramolecular photoinduced charge transfer system. Results of characterization using electron microscopy, FT-IR spectroscopy, optical spectroscopy, fluorescence spectroscopy, and X-ray diffraction spectroscopy are also presented and discussed.
Experimetal

Materials
3-Octylthiophene was synthesized according to the procedure reported in the literature 32) and kept in the dark prior to use. p-Amino-phenyl aldehyde was recrystallized prior to use. All the solvents and chemicals were of analyzing reagent grade and were obtained from Beijing Chem. Inc.
MWNTs were produced by chemical vapor deposition (CVD), as reported in the literature.
33) The nanotube sample was purified. In a typical experiment, a MWNT sample was heated and refluxed in an aqueous HNO 3 solution (2.6 M) for 48 h. The suspension was then vigorously centrifuged to recover MWNTs, followed by washing repeatedly with deionized water and then drying under vacuum. The average length and diameter of the purified MWNTs we used were 1.6 mm and 13 nm (the corresponding carbon atom number N was about 2:7 Â 10 7 ).
Synthesis of POTABQ-bonded MWNTs
Synthesis of POTABQ. POTABQ was synthesized according to the procedure reported in the literature. [25] [26] [27] The number average molecular weight M n 7000-8000 and the polymerization degree was about 25. Details on the synthesis and characterization of POTABQ will be published elsewhere. 34) Synthesis of POTABQ-coated MWNTs (POTABQ/ MWNTs). POTABQ was dissolved in chloroform. The MWNTs were added to the polymer solution and then sonicated for 2 h. The suspensions were filtered through a membrane (pore size 0.2 mm). The solutions were dark brown and remained stable for several months.
Synthesis of POTABQ-bonded MWNTs. To solubilize and functionlize MWNTs, we added POTABQ to MWNTs via the formation of an amide functionality. The synthesis route is shown in Fig. 1 .
Purified MWNTs (100 mg) in 20 mL of SOCl 2 with 1 mL of dimethylformamide (DMF), were stirred at 70 C for 24 h. The mixture was cooled and centrifuged at 2000 rpm for 30 min. The excess SOCl 2 was decanted and a black solid was recovered and dried under vacuum. POTABQ (0.90 g) was dissolved in 50 mL DMSO. SWNT-COCl (0.10 g) was then added to the solution. The mixture was heated at 100 C and stirred for 4 days. After cooling, the solid was poured into excess MeOH and stirred, and the washings were filtered through a membrane (pore size 0.2 mm). After drying, the black solid was treated with CHCl 3 . The black mixture was then filtered through coarse filter paper and the filtrate was dried on a rotary evaporator.
Measurements
Absorption spectra were recorded on a computer-controlled Hitachi 2000 model spectrophotometer. Fourier transform infrared (FTIR) spectroscopy of the composite was carried out on a Perkin Elmer 2000 spectrophotometer. X-ray diffraction measurements using Cu K radiation were performed with a powder X-ray diffractometer (RINT 1100, Rigaku). The morphology was studied using a Hitachi 8000 transmission electron microscope.
The DFWM experiment was carried out at 532 nm using the second harmonic of a Nd:YAG laser (Spectra-Physics, 8 ns pulse width). The standard backscattering configuration of DFWM was adopted in the experiment. In the nanosecond regime, the thermal effect is usually dominant. Here we are interested mainly in the nonlinearity of what, which arises from the electronic response. Therefore polarizations of the beams were chosen so as to avoid thermal effects. The two pump beams were s polarized and the probe beam was p polarized. In the present phase conjugation setup, the pumpprobe angle was adjusted to be nearly 8 . The two pump beams were of nearly equal intensity. The pump-probe beam intensity ratio was about 5. The phase conjugate beam, which retraces the path of the probe beam, was separated using a beam splitter. The experimental setup for DFWM was calibrated by measuring the ratio of ð3Þ yxyx to ð3Þ xxxx for CS 2 . This ratio was found to be 0.688, which is very close to the value in the literature, 0.706. 35) The interacting beams had a diameter of nearly 8 mm and the were used in the experiment without focusing.
Results and Discussion
The morphologies of POTABQ-MWNTs and POTABQ/ MWNTs are shown in Fig. 2 . The samples were prepared on a substrate of Formvar-coated copper TEM grids, which were briefly dipped into the hybrid solution and allowed to dry slowly in air. Unexpectedly, the morphology of polymerbonded MWNTs is quite different from that of polymercoated MWNTs. Figure 2(a) shows a micrograph of POTABQ-MWNTs at a magnification of 50000, which exhibits a bead-shaped structure. Extensive microscopy studies have shown the diameter of the polymer cluster to be about 100 nm, while the diameter of tubes is about 10 nm. Figure 2 (b) shows a micrograph of POTABQ/MWNTs at a magnification of 100000, which exhibits a coaxial coating with tubule-like structure. Extensive microscopy studies have shown the thickness of the polymer coatings to be about 40 nm on average.
Tang and Xu 23) showed a typical image of PPA-wrapped MWNTs. They considered that these tubes to be chemically linked to the polymer. The initiators absorbed on the surface of carbon nanotubes led to the polymerization of monomer molecules. Thus the polymer chain could wrap the whole MWNT. In the case of POTABQ-MWNTs, the mechanism of wrapping is different. Carboxyl is introduced to both the tips and the side wall of the tubes, when MWNTs is refluxed in HNO 3 . The carboxyl is then converted to an acyl chlorine group. POTABQ is grafted to the tubes via an amide reaction of the -NH 2 group and the acyl chlorine group. The morphology depends on the functional group density on the tubes. Low acyl-chlorine-group density may lead to the formation of the beads-shaped structure, while high acylchlorine-group density may lead smooth wrapping. In the case of polymer-coated carbon nanotubes, because the polymer structure possesses helicity, it is able to wrap itself around the tubes and covers them entirely. After being bonded or coated by polymer chains, these MWNTs become a microdomain that could easily be dispersed in a solvent of the polymer.
Most of the conventional analytical tools of organic chemistry can be used in the characterization of the organically modified carbon nanotubes. The IR spectra (KBr pressed pellet), of both POTABQ-MWNTs and POTABQ (Fig. 3 ) exhibit broad absorption bands at 3400 cm À1 arising from N-H stretching modes of the amide group. The amide carbonyl group appears as a broad peak at 1688 cm À1 . These peaks indicate the formation of an amide structure. Peaks at 2922 cm À1 and 2843 cm À1 are due to the C-H stretching modes in the alkyl chain (appearing at 2927 and 2849 cm À1 in the parent polymer). An important feature for POTABQ is the weak absorption shoulder at 1640 cm À1 , which is attributed to C¼C stretching vibration of the quinoid thiophene ring 26) (it is concealed in the absorption band of amide at 1688 cm À1 for POTABQ-MWNTs). The sharp peaks at 1587 cm À1 and 1490 cm À1 are from the aromatic C¼C bond stretching mode (1590 cm À1 and 1497 cm À1 in the parent polymer). Many of the same vibrational modes are seen in other forms of SWNTs. 36) For further conformation of the identity of the TEM images, we carried out powder X-ray diffraction (XRD) analysis of POTABQ-MWNTs (shown in Fig. 4) . The XRD Figure 5 shows the UV-vis absorption spectra of POTABQ and POTABQ-MWNTs in chloroform solution at roomtemperature. The POTABQ solution exhibits an absorption band at around 400 nm and a broad weak decay tail in the visible region. The absorption band in the ultraviolet region, ranging from 300-450 nm, is assigned to the -Ã transition of the aromatic thiophene ring in the main chain and the benzene ring in the side chain. The broad weak decay tail covering the entire visible region is attributed to the -Ã transition of the methine bridge. The POTABQ-MWNT solution exhibits a strong absorption band at around 400 nm and a broad absorption band extending from 800 nm to 1100 nm. The latter indicates that there is a significant ground-state interaction between POTABQ and MWNTs. Since POTABQ and MWNTs are joined through -and p-conjugated bonds, the resulting POTABQ-MWNT composites exhibit longer conjugation extension and charge delocation. Similar phenomena were observed in NT/PPA composites 23) and P3OT-dye-SWNT composites. 38) Figure 6 shows the fluorescence spectra of POTABQ and POTABQ-MWNTs. When POTABQ is excited at 280 nm, it emits fluorescence ranging from 350-700 nm with a peak maximum at 500 nm. The fluorescence spectral profile of the POTABQ-MWNTs is similar to that of POTABQ but with a much lower quantum yield. Curran et al. 39) and Tang and Xu 23) observed similar phenomena in PmPV/MWNT and PPA/CNT nanocomposite systems. The fluorescence of PmPV/MWNTs and PPA/CNTs was much weaker than that of the parent polymer, caused, as the authors proposed, by absorption, quenching, and scattering from the nanotubes. 40) Similar mechanisms may be applicable to the decrease in the fluorescence intensity in our POTABQ-MWNTs system. An intramolecular photoinduced charge transfer process may be involved in fluorescence quenching, in which the electrons in the excited POTABQ chains are effectively transferred to the nearby shells of the nanotubes through -and pconjugated bonds.
Solutions of 0.1 mM POTABQ-MWNTs and POTABQ in chloroform were used in NLO measurements. Pump beam energy was varied from 0.5 to 3 mJ. Figure 7 shows the log-log plot of the phase conjugate intensity against pump beam intensity. The plot is a straight line with slope equal to 2.69. This value may be considered as being close to three, which indicates a third order process in the phenomenon. It also suggests that there is no saturation of the nonlinearity. The ð3Þ was calculated with respect to a reference sample, CS 2 , using 
where l, n, and I are the interaction length, the index of refraction, the absorption coefficient and the DFWM signal intensity, respectively. The corresponding value of PICT . Because the MWNTs we used have a wide distribution of lengths and diameters, it is difficult to directly assign the magnitude of for the MWNTs. However, we may calculate the average contribution from each carbon atom in the MWNTs using
where N is the number density of carbon atoms in our sample and is the purity of MWNTs. L is the local field correction given by
By assuming a CNT number density of 10 14 cm À3 , it turns that N ¼ 8 AE 4 Â 10 21 cm À3 . 15) The magnitude of C-MWNT-p for each atom is then calculated to be 5:20 Â 10 À30 esu for POTABQ-MWNTs. Therefore, the contribution of one carbon atom in the carbon nanotubes for POTABQ-MWNTs is 3-4 orders of magnitude larger than that of CNTs reported by Wang et al. 13) and Botti et al. 15) This is mainly due to the formation of the intramolecular charge transfer system for POTABQ-MWNTs and thus lengthens the conjugation extension and charge delocation, which is in accord with the previously discussed UV-vis spectra and the fluorescence spectra results.
We also employ CNT-ipolymer to characterize the microscopic NLO properties for polymer-grafted carbon nanotubes, where ''i'' is the average number of polymer molecules grafted to a single tube. Assume the polymergrafted tube to be a huge macromolecule, the second hyperpolarizability, CNT-ipolymer of which is defined as the third-order nonlinear susceptibility for such a molecule. If ''i'' = 3:98 Â 10 5 , as in our sample, with the value of C for each carbon atom, CNT-iploymer for the MWNT molecule with a diameter of 13 nm and a length of 1.60 mm is deduced to be about 1:44 Â 10 À22 esu. This is quite a large value that could be appropriate for applications in optical information processes. The measured values of the nonlinear susceptibility, the figure of merit and the second-order hyperpolarizabilities of the sample are given in Table I .
Conculsions
An amino-moiety-containing conjugated polymer, POTABQ, was attached to carbon nanotubes via the formation of amide. Polymer was attached to the tubes through -and p-conjugation bonds, which led to enlargement of the conjugation extension and charge delocation. A considerable NLO enhancement effect was observed, which was attributed mainly to the formation of an intramolecular charger transfer system. 
